OBJECTIVES: Complex neonatal surgery is considered a risk factor for neuro-developmental impairment in single-ventricle patients. Neuro-developmental outcome was compared between preschool-aged Fontan patients who underwent a Norwood procedure and single-ventricle patients not requiring neonatal surgery with cardiopulmonary bypass. CONCLUSIONS: Neuro-developmental outcome of preschool-aged Fontan patients was in the normal range. The Norwood procedure was not a risk factor for neuro-developmental impairment. Preoperative condition and patient-related factors were more important determinants than variables related to surgical palliation.
INTRODUCTION
The implementation of staged surgical palliation for patients with hypoplastic left heart syndrome (HLHS) and continuous improvements in surgical and perioperative management resulted in a substantial increase of survival [1, 2] . However, improved midterm survival led to recognition of impaired neuro-developmental outcome. While first reports were quite disturbing, more recent studies revealed neuro-developmental outcomes in the lower normal or normal range and similar to children with congenital heart disease undergoing biventricular repair [3] [4] [5] [6] . Despite these encouraging results, patients with HLHS are at higher risk for cognitive impairment or developmental delay [4, 5] . Neonates with singleventricle physiology are exposed to a variety of perioperative risk factors that may affect cognitive outcome. The need for complex neonatal surgery requiring cardiopulmonary bypass is discussed as one potential risk factor [7] . Many children with single-ventricle physiology other than HLHS do not need surgery with cardiopulmonary bypass during the neonatal period, which is considered to be beneficial for neuro-developmental outcome. However, previous studies investigating differences in cognitive outcome between HLHS and other single-ventricle lesions yielded inconclusive result [6, 8, 9] . Results of these studies might have been biased, as many patients with other single-ventricle lesions also underwent neonatal surgery with cardiopulmonary bypass or even deep hypothermic circulatory arrest. The aim of our study was to evaluate neuro-developmental outcome in a contemporary cohort of preschool-aged Fontan patients. Results were compared between patients with HLHS or variants who underwent a Norwood procedure with selective cerebral perfusion (Norwood group) and other types of singleventricle lesions who did not require neonatal surgery with cardiopulmonary bypass (non-Norwood group). Risk factors for impaired neuro-developmental outcome were assessed in the entire cohort of patients.
PATIENTS AND METHODS

Patient population
Fontan patients between 3.5 and 7 years of age who underwent a Norwood procedure for HLHS or variants and children with other types of single-ventricle anatomy not requiring surgery with cardiopulmonary bypass during the neonatal period (birth up to 28 days in term neonates/birth up to a post-menstrual age of 40 weeks and 28 days in preterm neonates) were eligible for enrolment. Patients with an underlying genetic syndrome, not German-speaking children and children with conditions precluding standardized neuro-developmental assessment (autism, n = 1; paraplegia, n = 1; and mental retardation, n = 2) were excluded. Overall, 131 Fontan patients born between January 2004 and March 2011 eligible for study enrolment were identified by an in-hospital database. Neuro-developmental assessment was completed in 95 (72.5%) patients. In the remaining 36 patients, testing was still pending or parents denied participation. A comparison between patients enrolled and eligible patients without neuro-developmental assessment was performed to demonstrate representativeness of the study sample (see Supplementary Material, Table S1 ).
Norwood operation and subsequent procedures
The surgical technique of the Norwood procedure has been previously described [10] . Pulmonary blood flow was established with a modified Blalock-Taussig shunt. Surgery was performed with deep hypothermia and selective cerebral perfusion. The pHstat method was used for cooling to a minimum temperature of 18 C and was continued during bypass and selective cerebral perfusion. Subsequent procedures included a superior cavopulmonary anastomosis (SCPA) using the hemi-Fontan technique followed by a total cavopulmonary anastomosis with a fenestrated intra-atrial tunnel. Routine closure of the fenestration was not performed.
Data collection
Patient characteristics and variables related to surgical palliation were collected from an institutional research database and by chart review. Weight, length and head circumference at birth were obtained from the newborn nursery assessment. Head circumference z-scores adjusted for gender and gestational age were calculated [11] . Microcephaly was defined as head circumference z-score of -2 or less.
Database and charts were reviewed for the occurrence of preand postoperative complications and adverse events during the interstage periods. Preoperative adverse events included clinical deterioration with signs of multiorgan failure, the need for intubation or inotropic support, unplanned cardiac surgery or intervention and surgery for necrotizing enterocolitis. In addition, complications included neurological events (cerebral haemorrhage, stroke and seizures), haemodynamic compromise necessitating cardiopulmonary resuscitation, reoperation or unplanned intervention or hospitalization and rhythm disturbances with need for acute treatment. The number of patients with preoperative adverse events during the neonatal period and the number of patients with postoperative complications was evaluated for each surgical step. The number of events in each patient during the entire course of staged palliation was summarized cumulatively to create a complication score.
Local research ethics committee approval was obtained for neuro-developmental assessment and analysis of clinical data related to staged surgical palliation.
Assessment of neuro-developmental outcome
Verbal, performance and full-scale intelligence quotient (IQ) were evaluated with the Hannover-Wechsler-Intelligence Scale 3rd edition (German version of the Wechsler Preschool and Primary Scale of Intelligence-III). Scores between 85 and 115 points or above were classified as 'average' or 'above average' and results of less than 85 points (<1 SD) as 'below average'.
Cognitive functions were assessed with a German screening test for cognitive development ['Kognitiver Entwicklungstest für das Kindergartenalter' (KET-KID)]. The KET-KID is composed of 8 subtests, evaluating visual perceptual skills, auditory and visual memory, expressive and receptive communication skills, attention and psychomotor development. Results are summarized in a global scale for cognitive development and in a verbal and a non-verbal scale. Scores are presented as percentile ranks. Results between the 16th and 84th percentile or above were classified as 'average' or 'above average', respectively. Results below the 16th percentile are indicative for developmental delay and were classified as 'below average'.
Patients were divided into 2 groups based on their performance in both tests. Impaired neuro-developmental outcome was defined as full-scale IQ or KET-KID global scale below average.
The socio-economic status was evaluated by a questionnaire. An index composed of the parents' education, occupational status and income was derived [12] . Based on this score, social stratum was divided into 3 different classes (upper, middle and lower class). Lower class was assessed as a potential risk factor for impaired neuro-developmental outcome.
Statistical analysis
Continuous variables are expressed as mean and standard deviation or median and interquartile range as appropriate and categorical data as count and percentages. We employed Fisher's exact test for analysis of categorical data. Continuous variables were compared with the Student's t-test for 2 independent samples or with the Mann-Whitney U test in case of non-normally distributed data. The one-sample Wilcoxon signed-rank test was used to compare the neuro-developmental test scores with population norms. Potential risk factors for impaired neuro-developmental outcome were evaluated by univariate analysis and binary logistic regression. All variables with P-values of <0.1 in univariate analysis were included in a stepwise logistic regression model with forward selection. All statistical analyses were performed with the statistical software package SPSS (IBM SPSS Statistics for Windows, Version 22.0; IBM Corp., Armonk, NY, USA). A value of P < 0.05 was considered statistically significant.
RESULTS
Patient's characteristics
Patient's characteristics are shown in Table 1 . A Norwood procedure was performed in 69 (72.6%) cases and 26 (27.4%) patients did not undergo surgery with cardiopulmonary bypass during the neonatal period.
Staged surgical palliation
In the non-Norwood group, surgery without cardiopulmonary bypass was required in all, except 3 cases before SCPA. An aortopulmonary shunt was placed in 15 patients and 8 underwent pulmonary artery banding. Repair of aortic coarctation was combined with pulmonary artery banding in another case. In the Norwood group, 2 premature children underwent bilateral pulmonary artery banding for initial stabilisation. Signs of multiorgan failure due to unbalanced systemic and pulmonary perfusion were the most common preoperative adverse events in both groups. Neurologic complications included intraventricular haemorrhage and seizures in 2 Norwood patients.
Norwood patients were younger at the initial surgery compared with non-Norwood patients and postoperative hospital stay was longer. Postoperative complications were more common (Table 1) . Prior to SCPA, 6 patients (3 of each group, P = 0.341) had a second procedure for replacement of the shunt. At SCPA, age was younger and weight was lower in the Norwood group; preoperative oxygen saturation was higher ( Table 1) . Frequency of postoperative complications was not different. Arrhythmias and reoperations were most commonly observed. Stroke occurred in 1 Norwood patient.
At total cavopulmonary anastomosis, preoperative oxygen saturation, age and weight at surgery and postoperative stay were not different between groups (Table 1) . One patient of the Norwood group had a postoperative stroke. For the entire course of surgical palliation, cumulative cardiopulmonary bypass times and cumulative postoperative stay were longer in Norwood patients. During the interstage periods, neurological events were noted in 2 non-Norwood cases including a transient ischaemic attack and a stroke. In 1 Norwood patient, a stroke was diagnosed 1 year after total cavopulmonary anastomosis. The frequency of adverse events summarized as the complication score was not different between groups (Table 1) .
Neuro-developmental assessment
Median age at neuro-developmental assessment was 4.7 (4.3-5.3) years in Norwood and 4.9 (4.5-5.3) years in nonNorwood patients (P = 0.305). The mean arterial oxygen saturation at neuro-developmental testing was 89 ± 4% and 89 ± 5%, respectively (P = 0.918). The fenestration was still patent in 60 (87.0%) and 20 (76.9%) patients (P = 0.343). Full-scale IQ was 93 (85-100) and global KET-KID was 35 (9-65) for the entire cohort. Both were lower compared with population norms (P = 0.001). The distribution of the full-scale IQ scores for the entire cohort is displayed in Fig. 1 .
Median IQ scores were not different between Norwood and non-Norwood patients (verbal IQ: 98 (86-105) vs 93 (85-102), P = 0.312; performance IQ: 91 (86-100) vs 96 (86-100), P = 0.932; full-scale IQ: 93 (86-101) vs 89 (84-98), P = 0.314) (Fig. 2) .
The Norwood group scored higher on the verbal KET-KID scale (48 (17-72) vs 25 (2-54), P = 0.020). No differences were found for the non-verbal and for the KET-KID global development scale (KET-KID non-verbal: 33 (18-62) vs 45 (15-54), P = 0.771; KET-KID global development: 42 (14-65) vs 28 (6-63), P = 0.208) (Fig. 2) .
Full-scale IQ was below average in 25% and global KET-KID in 31% of the patients. Developmental delay in 3 or more domains of the KET-KID was diagnosed in 12 (17.4%) Norwood and 10 (38.5%) non-Norwood patients (P = 0.054). Visuoconstructive skills, psychomotor development and visual and verbal memory were most frequently affected (see Supplementary Material, Table S2 ).
Risk factor analysis for impaired neuro-developmental outcome
In the entire cohort, 34 (35.8%) patients had a full-scale IQ or global KET-KID score below average. Younger gestational age, smaller head circumference z-score at birth, microcephaly, lower socio-economic status, preoperative complications and higher complication score were related to adverse neuro-developmental outcome in univariate analysis (Table 2 ). In a stepwise binary logistic regression model, only head circumference z-score at birth and preoperative complications were independent predictors of impaired neurodevelopmental outcome for the entire cohort (Table 3 ).
In the subgroup of Norwood patients, preoperative complications, head circumference z-score at birth and postoperative stay after the Norwood procedure were identified as independent risk factors for neuro-developmental test scores below average (Table 3) .
Preoperative adverse events before neonatal surgery were an important determinant of neuro-developmental outcome. Performance IQ (87 (79-98) vs 93 (87-100), P = 0.048), full-scale IQ (87 (80-98) vs 93 (87-101), P = 0.029) and global KET-KID (23 (5-45) vs 44 (13-68), P = 0.045) were lower in patients with preoperative complications compared with cases with an uneventful preoperative course (Fig. 3) . Prenatal diagnosis was not related to IQ or KET-KID scores, but preoperative complications were less 
DISCUSSION
Neuro-developmental outcome at preschool age in our contemporary cohort of single-ventricle patients was in the normal population range. Remarkably, Fontan patients without complex surgery during the neonatal period did not have a better cognitive outcome compared with Fontan patients who underwent a Norwood procedure. Our study questions the prevailing view that the need for surgery with cardiopulmonary bypass during the neonatal period in HLHS is associated with impaired neurodevelopment.
Neuro-developmental outcome in single-ventricle patients at preschool age has been assessed in previous studies from different eras [4-6, 8, 9] . Among those, comparisons of cognitive outcomes between HLHS and other single-ventricle lesions yielded inconclusive results [6, 8, 9] . This may be explained by changes in medical and surgical management over time or between centres. Deep hypothermic circulatory arrest was routinely utilized during the Norwood procedure in 2 studies but was also necessary in non-HLHS cases [6, 8] . While HLHS patients had significantly lower scores in the first study, the second study, did not find differences between HLHS and other single-ventricle patients [6, 8] . No difference in cognitive outcome was reported for patients operated without the utilization of circulatory arrest by Sarajuuri et al. [9] . However, ischaemic changes on magnetic resonance imaging (MRI) tended to be more common in HLHS patients and were associated with neuro-developmental impairment [9] . In all studies, allocation to the non-HLHS group did not rule out complex surgery during the neonatal period [6, 8, 9] . In this regard, the design of our study was different. Although Norwood patients had longer cardiopulmonary bypass times, longer postoperative hospital stay and a higher frequency of postoperative complications during the neonatal period, singleventricle patients without the need for complex neonatal surgery did not have a better cognitive outcome. Children of the Norwood group scored even higher on the verbal KET-KID scale and below average scores in 3 or more KET-KID domains tended to be less common. Similar results were recently reported by Gunn et al. [13] . They evaluated neuro-developmental outcome at 2 years with the Bayley Scales of Infant Development in 130 infants who had cardiac surgery with or without cardiopulmonary bypass before 2 months of age. Lowest scores were seen in single-ventricle patients with obstructed pulmonary blood flow, who underwent placement of an aortopulmonary shunt without cardiopulmonary bypass [13] . For patients with HLHS, the avoidance of cardiopulmonary bypass during the neonatal period has been claimed as an advantage of the hybrid procedure [14] . However, a benefit in terms of neuro-developmental outcome has not been proven [15, 16] . Our findings support previous reports that patient-related factors are more important determinants of neuro-developmental outcome than variables related to surgical palliation [6, 17] . We identified smaller head circumference z-score at birth as an independent predictor of neuro-developmental impairment. There is increasing evidence that abnormal brain development starts in utero in children with congenital heart disease. Impaired brain growth and maturation have been described in prenatal MRI studies of patients with HLHS or other types of congenital heart defects and might be related to reduced cerebral oxygenation [18] [19] [20] . Lower head circumference z-scores at birth most likely reflect smaller total brain volumes seen in MRI studies [18, 19] .
Neonates with unrepaired cyanotic congenital heart disease have decreased cerebral oxygen delivery due to arterial desaturation [21] . Periventricular white matter injury is a common finding already in preoperative MRI studies and has been attributed to impaired cerebral oxygen delivery [21] [22] [23] . Therefore, preoperative haemodynamics might influence perioperative brain injury [22] . Especially in HLHS, unrestricted pulmonary blood flow and decreasing pulmonary vascular resistance within the first days often lead to poor systemic oxygen delivery, which might not be well matched with the oxygen demand of the brain. In a previous study, we showed that preoperative cerebral tissue oxygenation was lower in HLHS patients with neuro-developmental test scores below average [5] . Preoperative cerebral tissue oxygenation values and longer time to surgery were also related to the extent of postoperative white matter injury in HLHS patients after the Norwood procedure [24] .
Preoperative complications including clinical deterioration with signs of multiorgan failure, the need for intubation or inotropic support, were independently related to poor neurodevelopmental outcome in our study. Among others, the need for preoperative intubation was also identified as an independent risk factor for impaired neuro-development in a previous study [25] .
Compared with the Norwood patients, the non-Norwood group had their first surgery later. Preoperative management of patients with HLHS or variants is standardized and surgery is planned within the first week of life, whereas indications for surgery in the non-HLHS group are more heterogenous and can result in a longer period of unbalanced systemic and pulmonary circulations. However, in our cohort, older age at the first palliative step was not related to impaired developmental outcome. The SCPA was also performed later in the non-Norwood group and patients were more hypoxaemic preoperatively. Again, age at SCPA and preoperative oxygen saturations were not identified as risk factors for impaired neuro-developmental outcome.
Prolonged hospital length of stay may be a surrogate for the complexity of the postoperative course and was associated with worse neuro-developmental outcome in previous studies [7, 17, 26] . In our study, longer postoperative stay after neonatal surgery was an independent risk factor for impaired neuro-developmental outcome in Norwood patients, but not for the entire cohort.
Poor socio-economic or lower educational status are known risk factors for adverse neuro-developmental outcome in children with congenital heart disease including single-ventricle patients [6, 17, 27] . In our cohort, lower socio-economic status was associated with neuro-developmental outcome in univariate analyses only. Especially impairment in verbal subscales was noted. Children with specific developmental disabilities, particularly with speech and language impairment, might benefit from early intervention and special education services.
Limitations
Limitations of our single-centre study include the relatively small number of patients, especially in the non-Norwood group. Neurodevelopmental assessment was only performed in 72.5% of all eligible patients. The comparison between patients enrolled and eligible patients not enrolled proved representativeness of the study sample (see Supplementary Material, Table S1 ). Cerebral MRI was not routinely performed, and no association between neuro-developmental outcome and brain injury can be provided. Patients with known genetic syndromes were excluded in both groups. However, routine genetic evaluation was not performed and other genetic alterations such as copy number variants might be associated with neurodevelopmental impairment [28] .
CONCLUSION
In conclusion, developmental outcome of our contemporary cohort of preschool-aged Fontan patients was in the normal range. The Norwood procedure in the neonatal period was not a risk factor for impaired neuro-developmental outcome in singleventricle lesions. Preoperative condition and patient-related factors were more important determinants than variables related to surgical palliation.
